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Introduction
High temperature design and assessment is a challenging field for structural integrity and material science. The ability to design safe and durable structures is an important topic of research for industries and research groups around the world. The power generation industry is one of the most affected by this topic, due to the necessity of ensuring safe and efficient plant operation with a reasonable economic return. Power stations, conventional or nuclear, have many components which are subjected to intense high temperature environments. For fossil fuel fired power plants, the necessity to increase the efficiency of the production cycle by high temperature design is becoming an important milestone in order to make the Carbon Capture System more feasible [1] . Furthermore, Advanced Ultra Super Critical (AUSC) coal fired power plants need to operate at 700 ⁰C and 300 bar, or even higher for the reheat. This aim is very challenging for many aspects of the materials selection and design stages [2] . Problems due to reactor life extension are also present in many nuclear power plants, like the UK Advanced Gas Reactor (AGR), where crack initiation appears in the graphite core and various in other components [3] .
Since the beginning of structural integrity research, significant efforts have been made to develop international design and assessment codes for the high temperature response of structures such as the ASME Boiler and Pressure Vessel Code (NH) and the UK R5 high temperature assessment procedure. Each code addresses the possible source of failure in a different way, depending on its temperature and mechanical loading history. These life assessment methods are fundamentally based on experimental and theoretical evidence, which can be used to prepare the failure laws and rules necessary for any component procurement, provided by structural mechanics. The calculation to determine stress intensity level or reference stresses necessary for the design limits are typically carried out using an elastic analysis, and when necessary more complex nonlinear analyses. The elastic analysis based assessment is inevitably over-conservative. To accurately model the material behaviour refined constitutive equations are sometimes used. This approach needs complicated nonlinear finite element analyses, which may be highly complex or computationally expensive.
In the last few decades, in order to avoid complex nonlinear finite element analysis, the Linear Matching Method (LMM) has been developed by Ponter and Chen [4, 5] . LMM has proven its capability of calculating, upper and lower bound shakedown and ratchet limit [6] [7] [8] [9] , creep rupture limit [10, 11] , and creep fatigue assessment [12] [13] [14] [15] in a very accurate, robust and efficient way. The LMM is a direct method which is capable of modelling the nonlinear material behaviour of a structure subjected to a cyclic loading condition, through an iterative numerical procedure. This process involves subsequent scaling of the Young's modulus to account for any inelastic strain accumulated at each time point and location of the structure. The nonlinear stress will matches the yield stress at the plastic zone or the creep flow stress if creep is present. To better evaluate nonlinear strains during the saturated load cycle, the RambergOsgood model is implemented for the calculation of plastic strains and a time hardening power-law model is adopted for creep strains during the dwell period [15] .
The main objective of this work is to review the creep fatigue interaction, and the structural response of components subjected to cyclic loading conditions. The entire work is divided into three main sections. Section 2 describes the material response to cyclic loads at high temperature environment, identifying the different mechanisms that can occur. In section 3 the key parameters for creep-fatigue evaluation are presented. Both the ASME NH and R5 procedures for creep-fatigue interaction assessment are described and the main differences pointed out. Also in this section the Linear Matching Method capabilities for high temperature assessment are outlined. In section 4, two numerical examples representing real application problems are presented, to show the method capabilities over the design codes and inelastic incremental analyses.
Material Response to Cyclic Loads at High Temperature Environment

Creep Fatigue Interaction
Creep and fatigue are complex mechanisms that involve different types of damaging processes. Creep produces intergranular cavitation damage, while fatigue propagates cracks through transgranular paths, with surface striations and wide surface cracks. Relevant works on mapping this interaction was done by Hales [16] and recently reviewed by Yan [17] for 316 stainless steel. Hales used the direct metallographic observation to explain the cyclic creep experimental results. A direct correlation is established between the hold time and the magnitude of the cavitation processes, which increases its magnitude for longer dwell time. Furthermore the creep damage process is strongly affected by the position of the hold time within the loading cycle. The most critical condition occurs when the creep dwell starts at the peak of the tensile stress, introducing signs of intergranular damage even for short periods. In components operating at high temperature creep and fatigue are competing mechanisms, depending on strain range [18] and dwell time. Hales [16] identified four cases of interaction, further extended by Plumbridge [19] . The first case involves "Pure Fatigue" behaviour where surface cracking is dominant. The second case is "Transgranular Competing", which has a transgranular crack propagating during the tensile hold time, and cavitation damage begins to occur. The third case is "Mixed Interaction", where the transgranular cracking switches to the intergranular. The last case is a "Pure Creep" process, where the hold time is long enough to allow the loading cycle to be considered as a monotonic load case. Other parameters like the total strain range were found to be important in this competitive mechanism. For large strain ranges fatigue is dominant, while creep is more damaging for small strain ranges. Fig. 1 shows a schematic representation of the possible mechanisms, which can occur considering a creep dwell that starts at the peak of the tensile stress. When the load level is below the elastic limit no plastic behaviour takes place at the first cycle (Fig. 1a) . The subsequent creep dwell causes a progressive stress relaxation, without any plastic strain during the unloading and loading phases. When the load level is greater than the elastic limit but largely below the shakedown limit, plastic behaviour occurs at the first cycle (Fig. 1b) . If the progressive stress relaxation during the subsequent creep dwell is not significant, again there is no plastic strain during the subsequent cycles. The resulting steady state cyclic response is similar to shakedown, and the accumulated creep damage is identical to the monotonic load case. Fig. 1c shows the response of the structure when creep enhanced plasticity occurs during unloading due to the higher load level. In this case a steady state closed loop response appears, and the creep strain range is compensated by the reverse plasticity. If the applied load level continues to increase, the hysteresis loop response shows plasticity during both the loading and unloading phase, causing a more severe fatigue damage which interacts with the creep damage (Fig. 1d) . In both Fig. 1c and Fig. 1d , the accumulated creep damage is larger than the one obtained by a monotonic load, due to the higher stress level which cyclically occurs during the creep dwell. For this reason this response is known as "Cyclically Enhanced Creep". In some particular conditions an open hysteresis loop response is possible. This mechanism is known as "Creep Ratchetting" and it will be discussed in the next subsection.
Creep Ratchetting Mechanism at High Temperature
Ratchetting is a cyclic phenomenon, which results in the progressive accumulation of plastic strain. This process can be driven by high mechanical or thermal load level. Thermal ratchetting can occur with very low primary load due to the flow of high temperature fluids, which causes a severe cycling thermal gradient. This behaviour leads to an accumulation of plastic strain [20, 21] . From Bree [22] it is known that if the structure operates in a region of strict or global shakedown, no inelastic strain accumulation occurs. This statement as discussed in the sub-section 2.1, becomes imprecise if creep occurs [23] . Although creep dwell can introduce a closed hysteresis loop response (Fig. 1c-d) for cyclic loading conditions within the shakedown limit. The closure of the hysteresis loop is due to the compensation of all the inelastic strains within the entire cycle. Anyway the non-closed hysteresis loop would still be possible, when an inelastic strain accumulation occurs due to the dominant creep or reversed plastic strains [15] . For example, a large dwell time could produce creep strain larger than the limited plastic strain, leading to an inelastic strain accumulation creep dominated. In other loading conditions a large stress relaxation, which results in a low level of overall creep stress, leads to an insignificant creep strain but large plastic strain during unloading phase. This could produce an open hysteresis loop dominated by the reversed plastic strain. Hence Creep ratchetting is instead a much more complex mechanism, and it is function of the dwell time, the type of load applied and load levels. In order to better understand the creep ratchetting mechanism, a diagram showing creep ratchetting interaction boundary is given in Fig. 2 . The straight 45 degree line shown indicates the closed hysteresis loop limit. If the loading conditions are within the shakedown limit and no primary load is applied, for any dwell time an identical magnitude of creep strain and net plastic strain is obtained and the closed loop response is possible. In this case the plastic strain at loading and the creep strain are totally recovered by the reversed plasticity. Instead if a primary load is applied depending on its level different behaviours are possible. If the ratio between creep and net plastic strain is above the closed loop limit a creep ratchetting mechanism dominated by creep strain occurs (Fig.  2a) , and the entire cycle shifts rightward. Otherwise when the ratio is below the closed loop line a creep ratchetting mechanism dominated by plastic strain occurs (Fig. 2b) , and the steady state cycle moves leftward due to the large reverse plasticity. In both cases the creep ratchetting mechanism is driven by the creep dwell period, and the creep ratchet life of the component must be assessed as well as the creep fatigue life.
In all design and assessment codes ratchetting must be avoided [24, 25] , and the creep ratchetting Failure (CRF) could be dealt in the same way. It is suggested by [26] , that Ratchetting Failure (RF) and Low Cycle Fatigue (LCF) are distinct competitive mechanisms, which can be assessed separately. If the hysteresis loop is closed, then there is no inelastic strain accumulation and the fatigue failure mechanisms can be predicted using the Manson-Coffin relationship [26] . However if the failure occurs due to necking (RF or CRF) the ductility exhaustion approach is used:
where f ε is the tensile ductility of the material, and r ε ∆ is the accumulation of inelastic strain per cycle.
Recent development in non-linear material modelling allows for more detailed consideration [27] . It is shown that the ratchetting mechanism can affect the LCF life, only when the loading level is near the static limit load of the structure. The intensified plastic strain accumulation due to ratchetting affects the crack initiation and propagation, especially where stress concentration are present. It is reasonable to assume that creep-ratchetting can be assessed independently from creep fatigue process in the most cases.
Creep and Fatigue Total Damage Calculation
In order to estimate the total damage caused by creep and fatigue interaction, a damage diagram must be defined. Different relationships between fatigue and creep can be established, and the most commonly used is the bi-linear relationship adopted by ASME NH [24] ;
where f φ and c φ are the accumulated fatigue and creep damage, and D is an allowable creep-fatigue damage factor which depends on the material. If the total damage D is equal to the unity the linear diagram is obtained, as shown in Fig. 3 , where the creep-fatigue damage diagrams and experimental data for type 304SS at different total strain ranges are presented as an example. The bi-linear locus shows a focal point where the creep and fatigue damage is equal to 0.3, which is a material constant. Another way to model this interaction is given by Skelton [28] , who introduced a coupled model for creep-fatigue damage interaction shown in Fig. 3 . It is based on the assumption that a creep fatigue interaction exists and the total damage is not equal to the unity. When the total damage to failure is lower than the unity, the failure locus has a concave shape with an upward facing curve. The failure locus is described by the following relationship:
The focal point on the diagram is 0.33, close to the one predicted by the bi-linear method. This relationship can be easily modified if a damage de-coupling is necessary, introducing two interaction coefficients fc I and cf I attenuating effect of fatigue on creep and vice versa. Equation (3) is then modified in the following way:
By the adoption of such a formulation and properly calculating the interaction coefficients, it is possible to model the different interaction mechanisms.
Evaluation of Key Parameters for the Creep-Fatigue Assessment
Key Parameters for Creep fatigue Assessment
When creep and fatigue affect a structure, a series of parameters need to be calculated to perform the crack initiation assessment. These parameters are defined in Fig. 4 , where a typical steady state cycle with a tensile peak creep dwell is shown. The three most important parameters are highlighted in yellow, which are the stress at the start of the dwell 1 σ , the elastic follow up factor Z and the total strain range The only way to obtain these parameters and assess the steady state cycle is by adopting inelastic step-by-step finite element analyses, or by using a more convenient direct methods such as the Linear Matching Method. Inelastic incremental finite element analyses are able to identify the structural response due to creep and fatigue interaction. However, these are computationally inefficient especially when 3D elements are used, and convergence issues can occur. Conversely, direct methods such as the LMM have been demonstrated to be capable of providing alternative solutions to engineering problems, providing all the necessary parameters to perform a crack initiation analysis, and can be easily adapted to any design code. The design codes such as R5 or ASME, are widely adopted and capable of calculating the key aforementioned parameters by adopting a series of design rules and procedures. In the majority of the cases, these procedures rely on linear elastic analysis. However, in certain cases when conservatisms need to be relaxed, then an inelastic material response can be implemented. Despite this there is no real interaction between creep and fatigue, which are evaluated separately. Their interaction relies mostly on safety factors, which enhance the calculated parameter. These design rules provide a conservative but safe assessment for a large class of components used by industry.
ASME NH and R5 Creep-Fatigue Damage Assessment Procedures
The most crucial aspect of any creep fatigue assessment procedure is to identify the structural response due to a cyclic load. This means constructing an accurate hysteresis loop, in order to evaluate the creep and fatigue damage. All assessment codes consider an open loop response unacceptable ( Fig.  2a and Fig. 2b ). For this reason only the closed loop response will be considered ( Fig. 1c-d) , and creep ratchetting is neglected.
Both ASME NH and R5 procedures rely on simplified methods to address the stress calculation, and make extensive use of stress categorization. Different types of analyses can be used, from pessimistic elastic analyses to more complex and less conservative inelastic analyses. As shown in Fig. 4 a series of parameters are crucial for the accurate assessment of crack initiation with creep-fatigue interaction. The first parameter is the stress at the start of the creep dwell 1 σ , which is estimated by both codes in different ways. ASME NH calculates this stress by adopting a revised effective creep stress, which is equal to 1.25 times the effective creep stress. The effective creep stress is obtained by multiplying the yield stress of the material at creep temperature for a stress factor Z NH , which is not the elastic follow up factor.
The value of Z NH depends on the level of primary and secondary stress for the cyclic loading condition considered, which is properly described by NH-T-1332 [24] . R5 instead has two options to calculate the start of the dwell stress; the first adopts the shakedown reference stress. Otherwise a second option can be considered, if the peak stress is not included in the shakedown reference stress. A revised steady state equivalent stress at the start of the creep dwell is obtained by subtracting the shakedown stress limit from the maximum equivalent elastic stress range. Once the start of the dwell stress is calculated the second parameter, the creep strain, is assessed by both the codes with different procedures. ASME NH calculates the creep strain by using the isochronous stress-strain curve at the revised effective creep stress for the holding temperature and time [24] .
Whereas, in R5, the creep strain range c ε ∆ is obtained using the following relationship:
where E is the effective Young's modulus, Z is the elastic follow-up factor and σ ∆ is the equivalent stress drop during the dwell period. The inaccurate calculation of the stress drop and Z factor may introduce an overly conservative creep strain. The concept of the elastic follow up factor was introduced in R5 to avoid fully inelastic time dependent analyses. There are three options available to calculate it, and the most accurate is the one which uses an elastic-creep inelastic analysis. In such a type of analysis no plastic behaviour is considered and a monotonic load is applied rather than a cyclic one. This procedure does not take into account cyclic plasticity, in order to reduce the computational effort.
The last parameter which needs to be calculated in order to start the crack initiation assessment is the total strain range tot ε ∆ . Both assessment procedures adopt the Neuber correction in order to calculate the plastic strain from the elastic solution, but R5 differs by also using the Ramberg-Osgood material model for the cyclic material response. Furthermore, both procedures consider different modifiers to account for the local geometric concentration factor and multiaxial plasticity. In the ASME NH the total strain range is defined as:
where K is the local concentration factor, K ν is the multiaxial plasticity and Poisson ratio adjustment, mod ε ∆ is the modified maximum strain range and c ε ∆ is the creep strain range [24, 29] . The modified maximum strain range can be calculated by three options, with an increasing amount of conservatism. All the three methods use the maximum equivalent elastic strain range as starting point. Different factors are considered to enhance the elastic strain range due to non-linear effects. The R5 has a similar procedure and calculates the total equivalent strain range as follows:
where the first term is the revised equivalent elastic strain range, which is obtained by dividing the sum of maximum equivalent elastic stress and stress drop due to creep by the effective Young's modulus. The second term represents an enhancement of the elastic strain range due to plasticity. The last term is a correction to the change of constant volume during plastic deformation and creep (Appendix A7) [25] . Once these parameters are determined the fatigue and creep damage can be calculated and the total damage is determined by using the appropriate interaction rule. Both codes produce similar results in terms of fatigue damage, but differences can occur if the creep strain is dominant [30] conservative for small strain range without proper safety factors, and becomes over conservative for high stress dwell period [30, 31] . In contrast to this, the R5 procedure adopts the Ductility Exhaustion (DE) that is determined by using the following relationship:
where h t is the dwell time, is the instantaneous creep strain rate and f ε is the material creep ductility. The results generated by the DE produces less scattering results compared to the TF, making DE more accurate [17] . Despite the reasonable conservative predictions given by the DE, when the initial stress is low, overly conservative results are obtained. This behaviour was studied by Spindler [31] , who developed a "Stress Modified Ductility Exhaustion" approach to overcome this issue. Furthermore this approach gives a better prediction of the creep damage due to intermediate creep dwell during the load cycle, in a typical power plant operating scenario [32, 33] .
LMM for Creep Fatigue Assessment
Contrary to the R5 and the ASME NH which are rules based procedures, the Linear Matching Method is a numerical method which is based on solid mechanics concepts. It allows assessing the steady state cycle response (Fig. 4) of a structure subjected to a cycling thermo mechanical load. As a numerical method, it is capable of calculating the steady state cycle response, accounting for the cyclic plasticity and its interaction with a creep dwell. This means that all the key parameters summarized in Fig. 4 are numerically calculated in a much more accurate way, rather than using design rules and assumptions. The solutions obtained by the LMM are always accurate, and allows a valid reduction of conservatism compared to R5 [34] .
The Extended LMM Direct Steady Cycle Analysis (DSCA) is capable of evaluating the low cycle fatigue response with creep dwell within the loading cycle [15] . The extended LMM DSCA is able to obtain all the key engineering parameter necessary for the construction of the hysteresis loop. At the end of the entire procedure the following parameters are determined; the elastic and plastic strains during loading and unloading phase, the creep strain and the associated stress drop, the stress level at the end of each load instance, and the elastic follow-up factor due to the dwell period.
The extended DSCA analysis determines the structural response to a cyclic loading case under high temperature condition, evaluating the accumulation of residual stress field due to plastic or creep responses at the steady state cycle. The procedure consists of a number of iterative sub-cycles, defined as m= 1,2… M, where each m th sub-cycle is repeated until convergence is achieved. The each sub-cycle will perform N increments, where N is the total number of loading instances. For each n th increment an augmented elastic stress field is calculated for load instance t n , adding the accumulated residual stress for the n th load instance at the m th cycle of iteration. If creep is not relevant, the plastic strain amplitude is calculated and can be used to update the yield stress if a Ramberg-Osgood (RO) material model is used. Alternatively if creep occurs the creep strain is calculated using the Norton Bailey creep constitutive model [15] . The creep strain rate and creep flow stress are also obtained. This procedure provides a more accurate prediction of creep stress at the start and end of the dwell time than the R5 or ASME NH. It directly incorporates the basic creep material properties, and it is independent of the elastic follow-up factor. At the beginning of the iterative process an initial estimation of the stress at the start and end of the dwell is provided. This prediction is adjusted at each m th sub-cycle until the converged solution for the entire hysteresis loop is obtained giving the converged value of creep flow stress. For each load instance a residual stress field is calculated within the m th sub-cycle, and the shear modulus is updated for the next sub-cycle using the linear matching equation with either the yield stress or creep flow stress. Once this procedure is completed, the complete cyclic response of the structure is determined and the creep fatigue damage calculation is performed. Fatigue damage is assessed using material endurance data or Manson-Coffin relationship [35] , while the creep damage can be determined by the time fraction approach [29] , or by the creep ductility exhaustion method. These procedures are all implemented in the extended LMM DSCA code and can be further developed to match any aspect of the assessment code considered. The most significant benefit of this method is the ability to solve a complex nonlinear problem with creep fatigue interaction, through simple iterative linear elastic calculations, with much lower computational costs than traditional step-by-step analyses.
LMM Cases of Study
Creep Fatigue Assessment on Cruciform Weldment
In this section an overview of recent works [12] [13] [14] on the creep fatigue interaction of weldment is presented. The LMM evaluation of the creep fatigue life of a cruciform weldment subjected to a cyclic bending moment and a uniform high temperature is summarized here. The aim of this research is to study the influence of an applied bending moment on the creep-fatigue interaction. The results obtained by the numerical analysis are compared with experimental laboratory tests. Within this work the welding residual stresses are neglected, because the specimens tested were carefully manufactured and treated in order to minimize the welding residual stresses. Furthermore, their inclusion in the model could make it difficult to analyze the effects of the applied bending moment and the corresponding residual stresses on the creep-fatigue interaction. Fig. 5 shows the Finite Element model, which is composed of 978 8-node biquadratic plane strain quadrilateral elements with a reduced integration scheme. In order to simulate the reverse bending moment M, a cycling linear distribution of normal pressure P is applied to the end face of the model. Creep behaviour is introduced through a high temperature hold period t ∆ . The material used for the cruciform weld is stainless steel 316N(L) at 550 ⁰C. The mechanical properties vary for the parent, weld or HAZ section. The cyclic stress strain response is modelled using the RambergOsgood formulation:
where t ε ∆ is the total strain range, σ ∆ the total stress range, E is the effective multi axial Young's modulus defined by using the elastic material properties. B and β are the cyclic plastic constants and are obtained by fitting the experimental cyclic curves for different strain ranges. The creep strain calculation is based on the Norton-Bailey power law in its "time hardening" form. The extended LMM DSCA procedure is used to determine the steady state response and to calculate the total strain range, the creep strain and stress. The fatigue damage is addressed using the calculated total strain range and existing LCF data available in R66 [25] , and the creep damage is calculated using the time fraction method. The study included 5 variants of the bending loads, which correspond to the following total strain ranges at the outer surface of parent material; 0.25%, 0.3% 0.4%, 0.6% and 1.0%. Three creep-fatigue scenarios are considered; no creep dwell, 1 hour and 5 hours of creep dwell. Detailed contour plots of LMM results for the weldment are presented in Fig. 6 , which corresponds to a total strain range of 1% and 5 hours of dwell period. The most critical location is the weld toe, near the Heat Affected Zone, and an end life of 228 cycles is estimated. A comparison [12] between simulation results and the available experimental data showed an optimal match for 9 of the 11 available. Numerical results appear to produce conservative prediction for a dwell period of 1 hour and optimal for 5 hours. The pure fatigue results are slightly non-conservative, but are still within an acceptable range.
This numerical example shows the LMM capability of providing all the essential engineering parameters necessary to characterise the creep fatigue damage interaction of a weldment, estimating the creep fatigue damage, the lifetime and the location of the failure in an accurate and efficient way. Furthermore, the efficiency of the LMM, makes it possible to study different loading conditions which are not covered by real experimental works. This is important for creep-fatigue assessment, especially when longer high temperature dwell times are considered, making it very expensive to perform a full scale test.
Creep Fatigue Interaction of a Metal Matrix Composite
In this sub-section a micromechanical modelling on creep fatigue interaction of a metal matrix composite is presented. The results obtained are an extension of a previous work [36] that focused on the impact of dwell time on the structural response to the applied cyclic load. The same elastic and creep material properties are adopted. The mesh is composed of 1039 8-node biquadratic plane strain quadrilateral elements, with a reduced integration scheme. A quarter of the elementary unit cell is modelled as shown in Fig. 7 , and two planes of symmetry are applied as boundary conditions. Furthermore plain conditions are imposed on the upper and right external face to simulate the periodic boundary condition. The entire model is subjected to a uniaxial constant mechanical load and a cyclic uniform thermal load with a hold time t. In contrast to the previous work [36] which considered an Elastic Perfect Plastic (EPP) material model for the matrix, the Ramberg-Osgood (RO) model is adopted. The creep fatigue interaction is calculated by considering the competitive behaviour law formulated by Skelton [28] , but neglecting any de-coupling factors.
A comparison between EPP and RO for a mechanical load of 86.25 MPa and a cycling temperature of 175⁰C is shown in Fig. 8 , which reports the number of cycles to failure against dwell time with two distinct areas. The first area is fatigue dominated, and for this particular loading condition within the elastic shakedown limit, it is the High Cycle Fatigue (HCF) when the dwell time is less than 0.01 hours. Instead when the dwell time is greater than 0.1 hours LCF starts to dominate. In this region the EPP is slightly less conservative than the RO due to the applied low load level, which does not exhibit hardening effect. The second area is creep dominated, showing a similar number of cycles to failure from both models. It is worth noting that for large hold times a steady state stress level is reached at the end of the dwell for both material models. For a much hold time, the creep damage accumulated after reaching the steady state creep stress is much larger than the sum of fatigue damage during the cycle and creep damage accumulated before reaching the steady state creep stress. The damage interaction diagram is shown in Fig. 8 for different mechanical load levels and dwell times, at the cycling temperature of 175⁰C. Three plots of the creep and fatigue damage against the dwell time are also shown in Fig. 8 . When the mechanical load is absent, creep damage is relatively small, as the creep stress produced by the thermal load is fully relaxed when it reaches a steady state. When the mechanical load is increased to 86.25 MPa, creep becomes dominant for dwell times longer than 1 hour, and a remarkable increase in the damage is observed at around 100 hours. The number of cycles to failure reduces from 237 for the 1 hour case to 43 for 100 hours. This trend is the same for the last case where a mechanical load of 172.5 MPa is applied. In this case for dwell times longer than 1000 hours the failure is predicted to occur during the first cycle, and the failure is driven by creep rupture damage. The visualization of stress and strain is important in order to understand how the creep and fatigue damages interact with each other. Fig. 10 and Fig. 11 show the stress (normalized by the yield stress) and the strains evolution at loading, creep and unloading phases for different dwell times when the MMC is subjected to a cycling temperature of 175⁰C and a constant mechanical load of 172.5 MPa. For this cyclic loading condition fatigue is the driving mechanism for a hold time less than around 0.5 hours. The unloading phase is the most affected by the creep dwell, which introduces an increased stress relaxation around the fibre with the increased dwell time.
Comparisons are made between the LMM, the inelastic step-by-step (SBS) analyses and the design codes. For this purposes, a single cyclic load point with a constant mechanical load of 86.25 MPa and a cycling temperature range of 175 ⁰C is considered for two dwell times. The parameters obtained are shown in Table 1 , but due to the lack of material data the ASME NH is excluded from this comparison. The R5 and the LMM produce similar stresses at the start of creep dwell and creep strain when a 1 hour dwell is considered. Instead the equivalent plastic strain range from the R5 is slightly more conservative. When the creep dwell is increased to 100 hours, differences start to increase. The longer dwell time introduces a larger reverse plasticity during the unloading phase due to the stress relaxation during the dwell, causing a change of the critical location. This change of mechanism is identified by the LMM but not by the R5, which uses the maximum elastic stress as a starting point for all the calculations. Despite this the total strain range predicted by the R5 is still more conservative. Conversely, the SBS always provides similar results to the LMM, confirming its accuracy. In terms of computational time, the LMM is much more efficient than the SBS, which is crucial when assessing highly complex problems.
Conclusions
An overview of the main aspects of creep fatigue interaction in structures at high temperature is given. Creep dwell within a cyclic load is confirmed to cause a series of dangerous mechanisms, including the creep enhanced plasticity/fatigue, cyclically enhanced creep damage, and creep ratchetting. If the creep fatigue interaction produces a closed hysteresis loop response the damage originates due to the combined action of the cyclically enhanced creep and the increased fatigue damage due to the stress relaxation during the dwell period. Alternatively if the creep strain becomes too large to be compensated by the reverse plastic strain, or the significant stress drop during the dwell period leads to a large reversed plastic strain, the hysteresis closed loop may become open. This inelastic strain accumulation is known as "Creep Ratchetting", and has been recommended to be assessed separately with the creep fatigue damage assessment.
The main differences and crucial points for the creep fatigue interaction assessment of both ASME NH and R5 have been reviewed. It worth nothing that both codes adopt conservatisms in the entire creep fatigue assessment procedure. In terms of creep damage assessment, the use of creep ductility and stress modified creep ductility allows R5 producing less overly conservative results for any strain ranges. Another point of difference is the material selection, which for the ASME is very strict, where as the R5 is flexible and allows the user to make the appropriate selection. This difference becomes crucial when assessing new components, which are intended to operate at extremely high temperatures where creep is dominant. R5 can be used in addition to the ASME NH when this provides overly conservative results due to extreme cyclic loading conditions. Direct methods such as the LMM represent a robust conjunction between the rules based methods and the incremental inelastic analyses. The LMM provides a perfect balance between the conservatism of the rules based methods and the accuracy of inelastic numerical analyses. An overview of the LMM Extended DSCA capability of assessing practical complicated industrial components has been provided through two numerical examples. A cruciform weldment is investigated for different applied cyclic load levels and dwell times, and all the key parameters including creep and fatigue damages leading to lifetime prediction are successfully calculated. In the second example a detailed creep fatigue interaction study of a fibre reinforced MMC subjected to a cycling thermal load and a constant mechanical one is presented. Creep and fatigue damages appear to be competitive for low level of stress, instead for high stress level or long dwell creep damage becomes dominant. A comparison between LMM, SBS and R5 procedure has been presented for a cyclic loading point for two different dwell times. It is demonstrated that the LMM is more efficient than inelastic analyses, and also capable of relaxing the R5 conservatism, and providing accurate and robust solutions.
Table Captions
Tab. 1 Comparison between Linear Matching Method, incremental inelastic analysis and R5 assessment procedure. 
